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ABSTRACT 


Electrodeposition has been studied at 10~^ g and compared with bench studies 
at 1 g. The low gravity was achieved during KC-135 aircraft parobolic flights. 
Flow in a simple cobalt cell {1 M CoSOi*) operating under typical commercial con- 
ditions (10-20 mA/cm^ and < 1 V) was monitored with a Schlieren optical system. 

It vividly demonstrated that natural convection was absent at 10”^ g. Quantitat- 
ive comparisons on a cobalt cell with shielded electrodes using interferometry 
were carried out- Fringe shift differences indicate greater semi-infinite linear 
diffusion at 1 g than at 10'^ g for cobalt. Since a shielded electrode operates 
under diffusion controlled conditions, no differences between 1 g and 10’* g would 
be expected. Similar comparisons on a shielded electrode copper cell were incbrt- 
clusive. We have begun bench codeposition experiments using polystyrene neutral 
buoyancy particles coupled with a shielded electrode cobalt cell. Tracking of 
12 ym particles showed no measurable difference between thermal /Brownian motion 
when the cell was operational or nonoperational . Initial experiments on codeposi- 
tion quality showed a strong dependence upon cathode surface preparation in a 
shielded electrode configuration. 
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Section 1 
INTRODUCTION 
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1.1 Origin and Importance of Study 

Gravity has a significant influence on electrochemical processes and in 
particular electrodeposition. During electrodeposition density gradients are 
created which result in convective transport that effects forming and surface 
preparations. Due to the magnitude of commerical activity involving electrodepo- 
sition preparations it is a logical candidate for studying the effects of reduced 
gravity and the possibility of capitalizing on any benefits. 

With this consideration. Dr. Gordan Fisher of INCO Research and Development 
Center (Suffern, N.Y. 10901) initiated contact with the Space Sciences Laboratory 
of George C. Marshall Space Flight Center. Discussions with the Commerical Ap- 
plications Office of the MRS Program resulted in a technical exchange agreement 
involving low g effects upon electrodeposition processes. This agreement sub- 
sequently evolved into a unique cooperative effort not only involving INCO and 
NASA but included the University of Alabama in Huntsville (UAH). The cooperation 
would involve private enterprise in a potentially benefical space processing pro- 
ject while utilizing the present facilities and expertise of all three groups in 
order to minimize effort and cost. The overall plan was for NASA and UAH to work 
out details of the experiments in consultation with INCO. Later, when hard re- 
sults became available (e.g. low g or modeled low g electroplated surfaces) INCO 
would then participate more actively using their facilities for analysis and test- 
ing. 

1.2 Scope of Work 

The research conducted under this program is concerned with the investigation 
of electrodeposition (solution to solid and solution plus suspension to solid) in 
relation to electrodeposition in microgravity. The primary objectives of these 
studies were to obtain information concerning electrodeposits enabling evaluation 
of microgravity effects on the growth of electrodeposits in space. In particular 
we proposed to look at fluid flow (solution) as material left the solution phase 
and entered the solid. Likewise we desired to determine the quality of the elect- 
rodeposits. 

Section 2 
GENERAL 

2.1 Electrodeposition and Gravity 

Gravity influences electrodeposition only by convection for a simple metal-in 
metal-out system. Convectionless electrodeposition cells can be created by utili 
zing shielded electrodes.^ These systems have attracted attenti^n^because they 
enable one to study reactions under purely diffusive conditions,*^’” which 
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in principle should be identical to those experienced in space. The ntethod of 
choice for monitoring fluid flow is interferometry because it enables one to 
quantitatively evaluate concentration changes as a function of time. Schlieren 
methods may also be used to monitor concentration changes. " The latter have 
only qualitative value but offer the observer an immediate image conducive to 
physical interpretation as opposed to the fringe patterns of interferometry. 

Gravity influences codeposition in two ways* convectively and through sedi- 
mentation. Due to potential improvements in coatings with metals containing 

neutrals, private industry has shown interest in the production and properties 

9-12 

of electrocodeposits. The behavior of these systems in microgravity can be 
oenched-studied using shielded electrodes to obviate convection and neutral 
buoyancy particles to minimize sedimentation. Variables affecting the product- 
ion of the codeposits in microgravity can be determined with this model, but 
obviously properties such as wear, or corrosion resistence of real systems, 
e.g. Co + Cr^Cg, could not be determined unless a codeposit produced in micro- 
gravity over a period of several hours were available. 

2.2 Simple Electrodeposition 

In these studies the actual electrodeposition involves only simple metal -in, 
metal-out systems. Gaseous evolution and side reactions were non existent 


leading to: 

M"'*'(Aq) + ne' -> M(s) 

reduction 

(1) 

« 4 . 

M(s) -»■ M"^(Aq) + ne" 

oxidation 

(2) 


at the anode and cathode respectively. The variables that effect the quality 
of the deposits under these conditions are concentration, current density, pH 
and temperature. Holding the latter three variables constant, concentration 
becomes the variable of interest. Utilizing a shielded electrode to eliminate 
convection the instantaneous current i^ through a cell is given by:^ 

i = nFADo^Co (3) 

i i 
n t 

where n is the electron change in reactions (1) and (2), F is Faraday's constant, 
A is electrode area. Do is the diffusion constant for M , Co is the bulk con- 
centration of and t Is the time in seconds. Henca one imnediately 
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notices the influence of Co since it* is a constant for a given cell configur- 
ation and electrode system. This equation predicts the same results for a 
shielded electrode cell and a cell operating in microgravity. Differences 
could only result if Do is a function of gravity or if an unknown flow occurs 
in microgravity. 

2.3 Codeposition 

In these studies a neutral material (5-12 um) is added to the simple oxid- 
ation/reduction system represented by equations (1) and (2). The only type of 
charge these particles could carry are zeta potentials, 6, which are associ- 
ated with an immobile layer of ions that can stick tightly to the surface of 

13 

any large neutral particle. Snaith and Groves have proposed that inert 
particles are carried to the vicinity of the electrode solution interface 
(double layer) hydrodynamically in a stirred system (forced convection) and 
then transported through the double layer electrophorectically. The electro- 
phoretic velocity is given by: 

u = ^ (4) 

4nn 

where D is the dielectric constant of the medium, E is the potential gradient, 

6 is the zeta potential and n is the coefficient of viscosity for the liquid. 

In a diffusion controlled system the particle movement would be Brownian and 
this electrophoretic velocity through the double layer would dominate. For a 
well polished surface (free of undulations relative to particle size) one should 
expect a random adherence of these particles to the surface for subsequent en- 
trapment in the matrix of the depositing metal M. 

Guglielmi has formulated a qualitative model for codeposition. Data 
displayed as volume % of inert in deposit versus volume % of the inert in the 
suspension demonstrate a nonlinear dependence upon concentration of the inert. 

The model explains the dependence of particle codeposition on solution compos- 
ition in terms of the structure of the layer of molecules and ions absorbed on 
their surface on the electrode and indirectly on the composition of the solution. 
It assumes a moving medium and natural or forced convection does not effect the 
absorbed particles, and particle inclusion is not related to particle size. 

2.4 Materials and Systems 

The selection of systems to study was governed by the requirements of 
simplicity, commercial interest and scientific interest. Initial work was done 
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on the silver system with a subsequent shift to copper because of the liter- 
ature data available for comparison. The cobalt system was chosen because 
of the interest to INCO. 

3.1 Non Shielded Electrode Cells 

Four cell variations have been designed or pieced from commerically avail- 
able products during the contract period. Two more variations are still under 

construction. The first cell was a commerical fluorometric cell polished on 

2 

four sides measuring 45 mm x 40 mm x 12 mm. Nickle wire leads with 1 cm 
electrodes spaced 1 cm apart were glued through the sealing teflon cover. 
Typically, the electrodes consisted of a Cu anode plated with Co a.-!d a Cu cath- 
ode. All surfaces exposed to the electrolyte except the electrode faces were 
coated with nail polish (Figure 1). The cell was driven by a circuit which 
included a 1.5 V hobby battery, variable resistance box and a milliampmeter 
These cells were utilized to establish the utility of the Schlieren technique 
to detect mass flow. 

3.2 Shielded Electrode Cells 

Our first shielded electrode cell consisted of a hollow teflon tube 2 inches 
long and 1.256 inches I.D. Copper, cobalt or stainless steel electrodes were 
machined with cylindrical backs and flat faces with dimensions 1 cm wide and 
2 cm long. The electrodes were mounted parallel and flush to the I.D. of the 
cylinder with brass threaded feed throughs screwed to the electrode backs. Dis- 
tance between faces was exactly 1 cm. Two optical flats were used to enclose 
the electrodes with circular externally threaded screw plugs used to hold the 
plates firmly against the electrodes. Holes were drilled centrally and commeri- 
cal IR cell fill ports were inserted to enable syringe filling. Figure 2 shows 
the cell. Holders consisting of ring clamps were cut to hold the cell in any 
position parallel to the cell axis. The same circuit to power the unshielded 
cell was utilized with a recorder added to monitor the current continuously. 
Figure 3 demonstrates schematically the difference between shielded and unshield 
ed electrode cells in a horizontal configuration. 

3.3 Neutral Buoyancy Shielded Electrode Cells 

Several variations of this cell have been constructed ranging from complex to 
extremely simple. The most complex is still under construction by the glass 
maker. It involves precision cutting and grinding that will result in an all 
glass cell with four sided electrode cavity viewing. The simplist and perhaps 


NASA Contract 
NAS8-33812 
Final Report 


FIGURE 1 


Early cell with unshielded electrodes. 
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Second cell. 


FIGURE 2 

First variation of shielded electrode cell. 
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FIGURE 3 

(a) Schematic of unshielded and (b) shielded electrode configurations. 
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the best is an U-V visible rectangular or f 1 uorometri c cell with the bottom 
replaced by an anode of copper or cobalt held by glue. The cell is filled and 
the cathode held on top with a nylon clamp. The cell must be overfilled so 
that no bubbles are evident. The cells were used to track the neutral buoyancy 
particle movement in a shielded configuration. 

3.4 Solutions 

Copper and cobalt solutions were prepared with spectroscopic grade sulfate 
salts. The concentrations were determined by titration. The wash water and 
cobalt solutions for neutral buoyancy work were filtered continuously with .2um 
micro filtration until laser detection indicated little or no Brownian motion 
due to particles larger than .2ym. 

3.5 Schl ieren/Shadowgraph System 

The Schl ieren/shadowgraph apparatus utilized was constructed and operated 

by Dr. Robert Owen of NASA's Space Sciences Laboratory. Owen has described his 

1 * 5- 1 fi 

apparatus in detail. “ Figure 4 depicts a basic schematic of this apparatus 
that monitors density fluctuations. This system worked on a KC-135 aircraft as 
well as on the laboratory bench. 

3.6 Interferometry 

Interferometry replaced Schlieren in order to quantify our data. The in- 
terferometer was a Mach-Zehnder type shown schematically in Figure 5. Again 
this apparatus was constructed from commerically available components by Dr. 
Robert Owen of NASA's Space Sciences Laboratory. Owen has described this ap- 
paratus in detail elsewhere.^^ This apparatus was also successful on a KC-135 

aircraft as well as on the laboratory bench. An excellent explanation of the 

18 

interpretation of interferometry is given by Muller. 

Briefly, the data is taken in the form of photographs that record the inter- 
ferometry fringe pattern. Changes in density appear as fringe shifts that are 
related to refractive index changes. Thus, a standard curve of refractive index 
vs concentration enables one to measure concentration change. The initial 35 mm 
photos are enlarged. The original pictures are utilized with the electrode 
spacing (1 cm) to set the scale in the enlarged photos. Referring to Figure 6, 
readings are taken at arbitrary distances from the electrode surface of the 
fringe shift, Ad. Ad is the distance the center line between two fringes has 
shifted at that point. The fringe separation in the bulk of the solution is also 
determined. 
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FIGURE 4 


Schematic of Laser Shadowgraph/Schlieren Apparatus. 
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FIGURE 5 

Mach - Zehnder Interferometer 
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FIGURE 6 

Schematic of two fringe curves for determing concentration as a 
function of distance from the electrode. Ad is the fringe shift at 
distance 1 from the electrode; d is the fringe separation. 
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It is designated by d. The change in concentration from the bulk Co denoted 
by AC is given by 

AC = Laser light wave length x Ad x k (5) 

d 

where k is the slope of the curve for refractive index vs concentration of the 
bulk solution. 


Section A 

Results and Discussions 

4.1 Unshielded Electrodes and Schlieren Experiments 

1 molar CoSo. was placed in the fluorometric type cells. Typically, 

^ 2 

current densities ranged from 10-20 mA/cm at voltage less than 1 V. These 
conditions approximate those used in commerical processes. The low gravity con- 
dition was obtained in a NASA KC-13‘^ aircraft by flying porabolic profiles. 

The magnitude of g during the flights was determined by reading a standard air- 
craft accelerometer. In the low g portion of the path, gravity was usually 

_2 

maintained at 1-2x10 g. 

Figure 7 vividly demonstrates the dramatic effect of gravity reduction upon 

electrochemical transport. Figure 7A was taken on the bench 12 S after turning 

on the current. The configuration of anode over cathode was utilized to maximize 

natural convection between the electrodes. Unstable stratification and advection 

are evident in the convection currents. Figure 7 B corresponds to the same time, 

electrode configuration and other experimental conditions as the lab bench study, 
_2 

but at '1-2x10 g. Convection patterns are not evident, with only the blank 
pattern typical of the current off condition remaining. 

4.2 Shielded Electrodes and Interferometry Experiments 

In these experiments we quantify the mass transport by determing concentra- 
tion changes as a function of distance from the electrode as outlined previously 
in section 3.6. A typical data graph for a KC-135 10 g run on copper is depicted 
in Figure 8. Here we plot concentration change as a function of distance at 
10 sec time. This data becomes more meaningful when it is converted to concent- 
ration as a function of distance from the electrode. We then become more aware 
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FIGURE 7 

Comparison of convection under different gravity conditions. 7A shows 
convection density patterns building with horizontal electrodes (anode over 
cathode) at 1 g. 7B shows lack of convection at low g when all other conditions 
are identical, including time. 
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FIGURE 8 

aC versus distance from electrode .IM Cu at 10 seconds into the run 
with " 10“^g. 
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of the parameters bulk concentration Co, extrapolated concentration at 
the electrode surface Ce, and 6 the distance from electrode where the 
concentration C becomes identical to Co. Figure 9 demonstrates the data 
in this form. 6i is defined as the Nernst diffusion layer thickness and 
is obtained by extrapolating the linear portion of the curve to the dis- 
tance from the electrode where C = Co. It can he used to experimentally 
calculate Picks first law flux taking the concentration gradient over 6i 
and using literature diffusion coefficients for the particular metal ion: 

flux = D ^ = D( Co-Ce ). (6) 

dy 6i 

Comparison of similar data for the same system at identical times on the 
bench and at ~ 10"^ g for 1.0100 M Co are shown in Figure lOA-F at 5, 10, 

15 and 20 seconds respectively. The difference between the bench and 
flight is very evident. The diffusion layer is narrower for the bench re- 
lative to the flight study. Equation (6) indicates a greater flux at 1 g 
than at 10“^g for the cobalt system. Although (Co-Ce) is smaller for the 
bench, 6i is usually smaller by a factor of 2 or so leading to a greater 
flux at any instant at 1 g. Figures IIA-IID demonstrate the same type of 
data for .0900 M copper solution. It is not clear from this display whether 
there is a difference between flight and bench for copper. It should be 
noted that a factor of ~ 10 in concentration between copper and cobalt 
exists. The differences we are noting for cobalt could be amplified by 
this concentration factor. The lower copper concentration was required be- 
cause of it's strong absorption at 6329 nm, the illumination wavelength of 
the flight approved laser. If this becomes a major problem, concentration 
matching could be improved with approval for a different illumination laser. 
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FIGURE 9 

A plot of concentration versus time of the data displayed in Figure 8 

for the .0900 M Cu at 10 sec of - lO'^g. 6i = 14.4 x 10”^cm is the Nernst 

-3 

diffusion layer thickness and 6 = 22.2 x 10 cm is the distance from the 
electrode at which C = Co. 



CONCENTRATION (MOLES/LITER) 



NASA Contract 
NAS8-33812 
Final Report 


17 . 


FIGURE 10 

Concentration versus distance from electrode for 1.0100 M C0SO4 solution 
at 10"^g (squares and diamonds) and 1 g (circles). Initial current settings 
at 14 mA and 15 mA respectively for the flight and 13 mA for the ground. Times 
into the run are correspondingly lOA - 5 sec, lOB - 10 sec, IOC - 15 sec and 
100 - 20 sec. This data was corrected for fringe shifts present at t = 0. 
Figures lOE and F are identical to lOA and C except no corrections were made 
for fringe shifts present at t = 0. 
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FIGURE 11 

Concentration versus distance from electrode for .0900 M CuSO^ at 

lO'^g (squares) and 1 g (circles). Initial current settings are 14 mA 
for the flight and 13.5 mA for the ground. Times into the run are 
correspondingly llA - 5 seconds, IIB - 10 seconds, IIC - 15 seconds, 
and IID - 20 seconds. 
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Since there appears to be a difference in diffusion rates for flight and 

bench we looked for sources of error. One possibility we considered arose in a 

discussion presented by McLarnon, et al on light deflection errors in interfero- 
19 

metry. They argue that erroneous concentrations and diffusion layer thickness 
determinations due to refraction of rays from the less dense to the more dense 
bulk solution could arise. This could result in a fringe pattern shift Ae such 
that "virtual" fringes appear behind the cathode interface. This shift is given 
by 

Ae = 1, + + L^/6n (8) 

Xo ^3y^ 

where \o is the laser wavelength, n is refractive index and L is the cell depth. 

Y is the axis perpendicular to the electrode surfaces and thus an is the refract- 

ay 

ive index gradients. If one places the collecting lens (subsequent to the cell) 
far enough away from the cell, all rays (even the most greatly refracted near the 
electrode surface) should be collected as long as the diffusion layer, 6, does 
not become too thick. We have not seen any evidence for virtual images to date. 

We have checked distance between non-working surfaces (stationary bubble) and the 
electrode interface on interferograms before and after the current was on. No in- 
dications of differences were found until the cell had been operational for many 
minutes. Since our data compares at 20-25 seconds or less, light deflection does 
not appear to account for our differences. 

4.3 Shielded Electrodes and Neutral Buoyancy Experiments 

Our first objective was to track the movement of these particles (polys- 
tyrene-DVB (p = 1.06 g/cm^). The experiment was designed to determine if there was 
any significant difference between the motion with the cell operating in a diffusive 
mode and ordinary Brownian motion. Our first experiments utilized particles with a 
mean diamter of 11.8 yrn which should make them approximately 59 times larger in di- 
amter than any particles remaining after a .2 ym filtration. To date all our 
photographs indicate no measurable difference in motion. Under these conditions 
movement was extremely slow of the order 10''*-10”® cm/s. Photographic exposure 
times of 10 minutes or greater were often .required to detect movement (streaks) 
on the film. We hope with greater magnification that increased speeds closer to 
the electrode will be detected. They are approximately equal to the speeds in a 
natural convection driven system and are therefore not negligable. 
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Our second objective was to look at the parameters that affect the co- 
deposits. In our first attempts we obtained very inhomogenous distributions 
(clumps) of neutrals in the deposited cobalt. We attribute this to undulations 
in the cathode. A highly polished surface will be required to have random 
attachment of the neutrals for subsequent entrapment in the depositing metal 
matrix. We are confident 600-800 grit preparation will eliminate this initial 
difficulty enabling concentration on parameters such as current, PH, cermet con- 
centration and temperature. 


Section 5 

Summary and Conclusions 

The primary objective of this work was to study the effects of gravity 

driven convection on the electrodeposition processes and products. This goal has 

been achieved. In addition, the NASA contingent of the cooperative effort dev- 

_2 

eloped and tested an interferometer for flight studies at 10 g, and preliminary 
studies using this detection system indicate there is a difference in the magni- 
tude of diffusion controlled flow on the bench relative to flight. 

Our work with Schlieren on the cobalt system demonstrated pictorial ly the 
effect of gravity upon natural convection. Although, one may conclude this was 
an "obvious result", to our knowledge it had never been demonstrated especially 
in a manner easily interpreted by laymen. After development of a flyable inter- 
ferometer quantitative studies on diffusion controlled flow produced in shielded 

electrode cells indicated that a cobalt system has greater diffusive flow at 
-? 

1 g than at 10 g. Data from similar experiments on a copper system were incon- 
clusive. 

A shielded electrode cobalt cell was developed for neutral buoyancy exper- 
iments. Tracking the movement of the particles under diffusive conditions showed 
no detectable difference relative to ordinary thermal or Brownian motion. Unless 
the differences were significant, an order of magnitude or more, it probably would 
not be within the resolution of our experiment which involved photographing laser 
light reflected from particle surfaces. Characterizing the codeposits produced in 
these cells as a function of various parameters was started. Clumping of the 
polystyrene codeposits on the cathode impeded our progress. We attribute the dif- 
ficulty to cathode surface roughness and worked out a preparative technique which 
produces a uniform surface observed at 70X magnification. Hopefully this will re- 
sult in mere homogeneous codeposition. Regardless, the cell and neutral buoyancy 
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particles appear to work and should lead to important scientific data. It also 
will be most interesting to determine if deposits produced in a shielded elect- 
rode system offer greater corrosive resistance than one produced during natural 

20 

or forced convection conditions. 
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